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Abstract 
A computer model characterizing the performance of a spray tower oxygen absorption 
system was developed based on finite difference mass transfer calculations. Performance was 
assessed in terms of oxygen utilization, transfer efficiency, and economy. Pilot scale tests 
verified model assumptions and performance predictions. Simulation runs indicated spray 
tower head and oxygen feed requirements for desired changes in dissolved oxygen (DO) 
exceeded those required for packed column equipment. Spray tower performance was 
improved by increasing hydraulic loading from 35 to 85 kg m ’ s ’ and by increasing tower 
height from I.25 to 250 m. The effluent DO concentration that minimized variable costs of 
oxygen transfer was lower in the spray tower than in the packed tower, indicating clean 
water use of the spray tower will be limited to moderate effluent DO requirement 
applications (DO ~20 mg I ‘). 0 1997 Elsevicr Science B.V. 
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I. Notation 
(I Regression coefficient for predictive equations (dimensionless) 
AE Oxygen absorption efficiency (56) 
1, Regression coefficient for predictive equations (m ‘) 
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Inlet dissolved gas concentration (mg I ‘) 
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Dissolved gas saturation concentration (mg I ’ ) 
Dissolved carbon dioxide concentration (mg I ’ ) 
Dissolved nitrogen + argon conccntr;ltion (mg I j 
Dissolved oxygen concentration (mg I ‘) 
Overall mass transfer cocfticicnt at 20°C‘ (diiiiellslonlc~~j 
Overall mass transfer coefficient at 7°C‘ (climcnsionlcs~j 
Volumetric gas-liquid ratio (dimcnsionlcssj 
Hydraulic loading (kg m ’ s ’ ) 
Pressure drop across sprq no~lc (cm t14) 
Coefficient of dctcrminalion (dimensionlessj 
Water temperature (Y’) 
Oxygen tr;tnsfer cfticicncy (kg kW ’ II ’ ) 
Tolal dissolved gas pressure (‘4’ of saturation j 
Spry tower height (m) 
Field water ~~,,,/clean water C i2,, (dimcnsionlos~) 
Ficlcl water (‘,,‘clc;m watci- (‘, (dimensionless) 
(( ;,,,, N,+Ar or CX)l):(C;z,,, 0,) 
2. Introduction 
Pure oxygen absorption equipment is used in tish culture for concurrent oxygen 
addition and dissolved nitrogen (DN) removal (Colt and Wattcn. IYXX: Westcrs ct 
al.. IYYl). Equipment selection is based primarily on oxygen utilization rates. 
capital requirements. and energy consumption ratios (Speccc, IYXl; Nirmalakhan- 
dan ct al., lYX8). Other factors influencing sclcction include mechanical complcxit! 
and sensitivity to the fouling effects of dissolved or particulate organic matter 
(Boyd and Watten, lY8Y; Watten ct al., IYYO). Spray tower equipment is relativelq 
insensitive to fouling and hence its application to culture systems that recirculate 
water is attractive (Watten, lYY4). Here, water is directed through a spray nozzle 
positioned at the top of a scaled vertical chamber receiving pure oxygen. Typically 
the chamber height to diameter ratio exceeds 2: I. hydraulic loading ranges 
bctwcen 67- 167 kg m ’ s I, and the oxygen feed rate is held below 5V of the 
liquid rate on a volumetric basis (Johnson, IY87: Dwycr ct al., IYYla). Given the 
ability of this type of equipment to supersaturate water with DO, and the scnsiti\,- 
ity of fish to hyperbaric dissolved gas pressure (Wcitkamp and Katz, I YXO; Colt ~1 
al., IYYl), successful designs should consider allowable and predicted changes in 
total dissolved gas pressure (TGP) as well as required oxygen supplcmcntation 
rates (Wattcn, IYYO; Dwyer ct al.. IYYlb; Wcstcrs ct al., IYYI). Numerical model\ 
predicting changes in TGP arc available for several equipment types including the 
U-tube (Spcccc ct al., lYX3; Wattcn and Beck. IYXS), hooded surface agitators 
(Mueller et al.. 1073; Watten ct al.. IYYO), and packed columns (Watten and Boyd. 
1090; Watten, IYYO). but have not hecn established for the spray tower. 
We developed ii multi-component gas transfer computer program for modcling 
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ence, characteristics of dissolved gases in the effluent, such as gas tension and total 
gas pressure, were determined using the methods summarized by Colt (1084). 
Performance was also assessed in terms of oxygen absorption efficiency (AE)., the 
ratio of the mass oxygen absorbed to the mass applied, and transfer efficiency 
(TE), the mass of oxygen absorbed per unit of energy input (Boyd and Watten., 
1989). 
4. Model calibration and verification 
4.1. Materials and methods 
4.1. I. Calibration analyses 
Calibration analyses provided predictive equations for the overall mass transfer 
coefficient, GT, and for the pressure drop across the spray nozzle. The predictive 
equations for GT were based on tests performed at spray tower heights of 152, 
2.03, and 254 m using 5 or 6 hydraulic loading rates within the range of 318 to 
9.59 kg m ’ s ‘. Each set of operating conditions was replicated in triplicate. The 
spray tower system and instrumentation used is described by Vinci et al. (1996). 
During the tests well water was applied at a constant rate. Oxygen feed rates were 
adjusted to provide gas phase oxygen levels in the spray tower that exceeded 90%~. 
After establishing steady-state tower performance, we measured influent and efflu- 
ent DO concentrations along with water temperature, atmospheric pressure, water 
flow rate, and oxygen composition in tower off-gas. Inlet water temperature ranged 
from 8.4 to 9.4”C and inlet DO from 11.6 to 13.6 mg 1 ‘. The Gr values were 
subsequently calculated using eqn (1) and then adjusted to 20°C using eqn (2). WC 
used least squares regression analyses to correlate resultant test G2(, values with 
the independent variables tower height (TH) and hydraulic loading rate (HL). The 
pressure drop (PD) across the test spray tower, required when calculating TE, was 
established in duplicate at HL values of 33.0, 44.1, 55.1, 66.1, 77.1, 88.1, and 99. I 
kgm ‘s ‘. We measured line gage-pressure at the nozzle with a U-tube mano- 
meter. Gage-pressure requirements were then correlated with hydraulic loading 
rate using least-squares regression analysis. 
4.1.2. Verification analyses 
Following model calibration, tests were undertaken to verify spray tower per- 
formancc as predicted by the computer model. In our earlier study (Vinci et al., 
1996) we identified gas phase dispersion during a series of 120 spray tower runs 
that included combinations of the following variables: spray tower height, 1.52, 
2.03, and 2.54 m; hydraulic loading rate, 44.2, 66.3, and 88.4 kg me2 s ‘; oxygen 
feed rate (G/L), 1.0, 2.5, and 5.0%; bulk tower gas recirculation rate, 0, 500, and 
700% of water flow rate; and bulk tower gas recirculation direction, cocurrent and 
countercurrent to water flow. Each unique combination of operating conditions 
was replicated once providing a total of 240 sets of observations. The compiled 
data from these tests was used in this study for model verification. Inlet water 
temperature, DO, and DN concentrations in the data set ranged between 
8.4-9VC, 11~0-14~0 mg I ‘, and 14.4-159 mg I ‘. rcspectivcly. Steady-state 
concentrations of DO and DN in the effluent measured during the analysts were 
compared here with model predicted values established by using as model inputs 
certain recorded operating conditions, including influcnt DO, DN. water tempcra- 
ture, barometric pressure, and G/L. Tower height specific (;:,, coefficients required 
by the program were obtained by using the prcdictivc equations for each tohcr 
height developed during model calibration. 
4.2. Results 
4.2.1. Calihrution unu1ysr.v 
The G2(, values developed are plotted in Fig. 2. Note that for each tower height 
evaluated, G2,, rose at an increasing rate with HL. Further. CijU values increased 
with greater tower heights. These changes in gas transfer potential are in agrec- 
ment with data developed in earlier studies (Pigford and Pyle, I95 I; Mehta and 
Sharma, 1970; Dwyer et al., 1991b). The G,,, values were correlated with HL at 
each tower height (TH) tested using the model form: 
Gz,, = m+c(HL).’ (j? 
whereas an overall predictive equation that included the effects of tower height 
was established using the model: 
G3,) = u+h(TH)+c(HL)’ (4) 
Regression coefficients established for both models are summarized in Table I 
along with squared correlation coefficients (R2). standard errors, and error dcgrecs 
of freedom. 
As with Gzc,, pressure drop across the spray nozzle increased at an increasing 
rate with HL. The following model, developed through regression analysis, 
expresses the results: 
PD = a+c(HL)’ (5; 
where a = - IS.491 5 (standard error. 2.21549); (’ = 0.022753 (standard crrot-. 
OW~388); R’ = 0.997. 
The correlation between PD and HL above is similar in form to the correlations 
developed by Mehta and Sharma (1970) for solid cone nozzles 9.4. 12.5, and 25.3 
mm in diameter. 
4.2.2. Ver@cu tion unaly.ses 
Comparison between observed and model predicted effluent DO concentrations 
for each of the three tower heights evaluated is provided in Fig. 3. Similar plots f01 
effluent DN arc given in Fig. 4. Overall, gas transfer rates agreed well with 
performance predicted using our model. The rclativc error of the estimates aver- 
aged 6.7% (range ~ 1.4% to 12.85%) for DO, and -~ 12WZ (range 22.2% to 
-4W%) for DN, with a trend of increasing relative error with increasing tower 
height. For example, relative error for model predicted effluent DO at tower 
heights of 1.52, 2.03, and 2.54 m averaged 4.5, 7.4, and 8.4%, respectively. Never- 
theless, errors were low and considered acceptable. 
5. Model application 
Following verification, program algorithms were used to establish the response 
of spray tower performance to changes in operating conditions and to establish 
relative performance. The latter was achieved by comparison of spray tower AE, 
1.30 
1.20 
C _I 4 4 
0.60 
0.50 
12.54 m 1 1.47 gpm/ft’ = 1 kg/m% 
25 45 55 65 75 85 95 
Hydraulic Loading, kg/m% 
Fig. 2. Summary ot calculated ( gr,, values plotted versus hydraulic loading for three spray tower 
heights. 
Table I 
Summary of the coefficients for the predictive equations correlatmg ( ‘~ I ,,, and hydraulic loadmg (kg/m 
s). at three spray tower heights. and for the overall predictive equation correlating (iA,, 3s ;t function of 
hydraulic loading (kg/m’ s) and spray tower height (m) 
.___~_~~ 
Height/m a (std error) h (std error) c (atd erlcrr! 
TE, effluent DO. and total variable cost estimates with those predicted for a 
packed tower based on Watten (1990). Unless othcrwisc noted. all simulationa 
were performed with the following operating conditions: temperature. 15°C: 31. I : 
/I, 1; atmospheric pressure, 760 mm Hg: tower pressure, atmospheric; inlet DO, 5.0 
mg 1 ‘; inlet DN, 19% mg I ‘; inlet DC, 0 mg I ‘: inlet gas composition, IOO’; 
oxygen; packing type, 3.81 cm ACTIFIL”“; unit power cost. $O.OY kW ’ 11 ‘; and 
unit oxygen cost, $0.186 kg ‘. Total head requirements for the spray tower wcrc 
taken as the sum of the pressure drop across the nozzle and tower height. whereas 
head requirements for the packed tower represented the sum of head loss across 
the water distribution plate (0.127 m) and packed bed height (Wattcn. 1990). In 
the calculation of AE and TE we assumed a combined water pump and motor 
efficiency of 70%. considered typical of pump and motor combinations used for 
these applications. 
The results of simulations undertaken to establish the relative rcsponsc ot spray 
tower performance to changes in required effluent DO concentrations arc given in 
Fig. 5. Test spray tower and packed tower total head required was fixed at 7.X m 
withaHLof8Skgm’s ‘. As is typical of pure oxygen absorption equipment. 
required oxygen feed rates (G/L) increased at an increasing rate with effluent DO. 
resulting in declines in AE. Predicted AE values for the spray tower were lower 
than those predicted for the packed tower. no doubt reflecting the difference in 
effective G2,, values, i.c.. (‘ Jo,, was 0.89 in the spray tower and 3.07 in the packed 
tower. Given the fixed total head requirement. TE values wcrc cyual for both 
equipment types and increased directly with effluent DO. Total variable costs oi 
oxygen transfer in the packed tower wcrc considerably less than the variable costs 
predicted for the spray tower, except for low required effluent DO concentrations 
(DO< 12 mg I ‘). The effluent DO requirements that minimized total varishlc 
costs were about I4 and 19 mg I ’ for the spray tower and packed tower, rcspcct- 
ively (Fig. 5). 
The results of simulations performed to establish the effect of changes in towct 
height on spray tower and packed tower performance while operating with HL. 
fixed at 75 kg m ’ s ’ are given in Fig. 6. Runs were undertaken with G/L value5 
of l+% and 2.0%. Predicted total head loss and corresponding (T1’, values rung& 
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the performance of spray tower equipment receiving pure oxygen and water. The 
program was calibrated and its predictions verified with pilot scale test data. 
Subsequent program runs established the relative sensitivity of the equipment to 
changes in hydraulic loading, oxygen feed rates, and tower height. 
3. Model development 
Identification of appropriate performance algorithms requires knowledge of the 
gas-liquid contacting mode within the reaction vessel (Levenspiel, 197’); Watten 
and Boyd, 1989). Contacting mode will vary with reactor geometry as well as liquid 
and gas throughputs (Shah, 1979; Treybal, 1980). Our model is based on the 20.3 
cm outside diameter spray tower (Fig. 1) described by Vinci et al. (1996) using a 
Spraying Systems Co. (Wheaton, IL) DistriboJet@ 2R BRASS 65 45 full cone spray 
nozzle. Two primary gas transfer mechanisms occur within the tower: (1) the 
transfer of oxygen from the gas to the liquid phase, and (2) the transfer of nitrogen 
and carbon dioxide from the liquid to the gas phase (Mueller et al., 1973; Nirmala- 
khandan ct al., 1988). The model we developed accounts for these changes as it 
performs a series of finite difference mass transfer calculations. 
Gas absorption-desorption rates were predicted by using the transfer model put 
forth by Colt and Bouck (1984): 
In 
C, - ci*, r 1 C, - C,,,,, = G7 (1) 
The overall reactor mass transfer coefficient, Gr, was corrected for the effects of 
temperature (APHA, 1995) surfactants (Stenstrom and Gilbert, 1981). and gas 
species (Tsivoglou et al., 1965) as follows: 
G, = GL,,@(1.024)~ “’ (2) 
Gas saturation values were calculated using water vapor pressure and Bunsen 
solubility coefficients obtained from ASHRAE (1972) and Weiss (1970, lY74), 
respectively. 
The gas phase within the tower was assumed to be homogeneous given the 
extensive axial dispersion observed by Vinci et al. (1096). Additionally, the effects 
of trace gas species were ignored, as were reactions of dissolved carbon dioxide 
(DC) in the liquid phase (Watten and Boyd, 1990). 
The finite difference calculations used were based on those described by Watten 
and Boyd (1990). At each time step in the program, the Ideal Gas Law related gas- 
phase volume, temperature, pressure, and molar composition. Saturation 
concentrations of DO, DN, and DC were calculated along with dissolved gas 
deficits and changes in dissolved gas concentrations. Given the influent gas flow, 
the molar flow rate of gas exiting the tower was established by applying a materials 
balance on the gas phase. Predicted effluent dissolved gas concentrations were 
then compared to previous estimates and checked for convergence. The calculation 
sequence was repeated if the difference between the previous and current 110 
concentration predicted exceeded 0~001 mg I ‘. Before tinitc difference calcula- 
tions were continued, the working composition of the gas phase was adjusted for 
changes resulting from gas inflow, gas outflow. absorption, and dcsorption. The 
time step used in all simulation runs was MO42 h. Following program convcrg- 
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from 2.19 to 3.40 m and 0.71 to 1.08 for the spray tower, and from 1.35 to 2.57 m 
and 2.04 to 3.73 for the packed tower. Increases in spray tower height from 1.25 to 
2.50 m increased effluent DO and AE an average 8.5% and 12.3% while TE 
decreased. The reduction in TE with increases in tower height was greater in the 
packed tower than in the spray tower system, i.e., 45,6% versus 27.4%. ‘Total 
variable costs of oxygen transfer were lower in the packed tower at both G/L ratios 
tested. Spray tower variable costs dropped on average 8.8% with increases in tower 
height, while packed tower variable costs remained relatively constant with changes 
averaging - 0.92%. 
The results of simulations carried out to establish the effect of hydraulic loading 
on absorber performance when operating with a fixed G/L (l.O%), and tower 
/ 
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/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ / 
15 20 25 
Observed Effluent DO, mg/l 
30 35 
Fig. 3. Comparison between observed and model predicted effluent DO concentrations for three 
spray tower heights established during model verification simulation runs. 
height (1.5 m) arc given in Fig. 7. The head loss across the spray tower ranged 
from 159 m at HL = 35 kg m ’ s ’ to 2.80 m at HL = 85 kg m ’ s ‘. whereas 
head loss across the packed tower remained constant at 163 m. lncrcases in 
hydraulic loading resulted in moderate increases in AE and effluent DC) in the 
spray tower. but had no effect on packed tower performance. This response was 
expected given the sensitivity of the spray tower C i2,, to hydraulic loading. As HL. 
increased, spray tower TE values decreased in rcsponxc to incrcasea in nozzle 
pressure drop. Howcvcr, rises in spray tower energy rcyuircmcnts wcrc more than 
compensated by the improvement in AE and hence. total variable costs dccrcascd 
with increases in hydraulic loading. 
In summary. WC successfully modeled spray tower performance through use oi 
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Fig. 5. Effects of required effluent DO concentration on the performance of spray tower and packed 
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of X5 kg/m‘ \. 
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‘ig. 7. Effects of hydraulic loading on the performance of spray tower and packed tower ox;vge~ 
thsorbers operating with a tower height of 1.5 m and an oxygen feed rate (G/L) of 1%. 
algorithms developed originally for packed column equipment. and through USC of 
a nozzle-tower specific G?(,. Sensitivity analyses indicated USC of spray tower eyuip- 
ment to avoid the fouling effects of dissolved and particulate organic matter results 
in head requirements and oxygen feed rates that exceed those prcdictcd for packed 
column equipment. Spray tower performance was improved by increasing hydraulic 
loading from 35 to 85 kg m ’ s ’ and tower height from 1.35 to 2.50 m. Oxygen 
feed rates that minimized total variable costs wcrc lower in the spray tower than in 
the packed tower, indicating that economic USC of the spray tower will bc limited 
to modcratc effluent DO rcquircmcnt applications (c.g., DO c: 20 mg I ‘1. Addi- 
tionally, our studies suggest that the USC of the nozzle-towel- specific (;-,, 
correlation coupled with the design procedure put forth by Wattcn ( 1090). will 
allow important spray tower operating conditions to bc cstablishcd directlv t’r~ 
target changes in DO as well as DN and TGP. 
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